Introduction {#s1}
============

As there are 64 codons and only 20 amino acids, most amino acids can be encoded by more than a single codon. Mutations that alter coding sequences (CDS), but do not alter amino acid sequences are referred to as synonymous mutations. Synonymous sites are then the collection of potential synonymous mutations present in a gene. Predicated on the assumption that the CDS of a gene is simply the recipe for making the protein, synonymous mutations were long thought to have no functional effect, in other words to be "silent" and thus selectively neutral [@pgen.1003527-Kimura1], [@pgen.1003527-King1]. As a result, synonymous variation is often used as the neutral reference when measuring selection at functionally important, non-synonymous sites [@pgen.1003527-McDonald1]--[@pgen.1003527-Yang1].

The observation of codon usage bias in many organisms was the first indication of possible functionality encoded by synonymous sites [@pgen.1003527-Ikemura1], [@pgen.1003527-Grantham1]. Different codons for the same amino acid are often utilized at unequal frequencies across the genome. Highly expressed genes and codons encoding functionally important amino acids generally display particularly biased patterns of codon usage [@pgen.1003527-Grantham1]--[@pgen.1003527-Sharp1]. This observation led to the theory that selection for translation optimization generates higher levels of codon bias [@pgen.1003527-Akashi1]--[@pgen.1003527-Akashi2]. In other words, it is thought that the speed and accuracy of mRNA translation is higher for a subset of codons, referred to as "optimal" ("preferred") codons [@pgen.1003527-Hershberg1]--[@pgen.1003527-Hershberg2]. Such codons are translated more accurately and more efficiently because they are recognized by more abundant tRNA molecules with more specific anti-codon binding [@pgen.1003527-Hershberg1], [@pgen.1003527-Ikemura2], [@pgen.1003527-Ikemura3]. While this kind of selection acting on synonymous mutations is widely accepted, it is generally estimated to be weak - nearly, if not quite, neutral [@pgen.1003527-Yang2]--[@pgen.1003527-Akashi4]. Synonymous variation is therefore still often thought to lack any major functional or evolutionary importance. In this paper, we further investigate the functionality of synonymous sites through detecting the action of purifying selection. If synonymous sites harbor highly deleterious variants under strong purifying selection, then that must change our view of the functional importance of synonymous sites and their potential role in genetic disease, as a possible source for adaptation, and as the neutral foil in tests for selection.

Previous tests for selection on synonymous sites have often been consistent with the presence of weak purifying selection operating on synonymous variation. Using the rate of divergence between species, the signal of purifying selection comes from a lower number of inferred substitutions on a phylogenetic tree at sites allowing for synonymous mutations, compared to the expectation provided by a neutral reference. Simply comparing the rate of evolution between a test and a neutral reference set can be problematic when weak purifying selection and mutational biases interact [@pgen.1003527-Lawrie1]. Nonetheless, synonymous sites do indeed appear to evolve slower than expected under neutrality for many organisms in a manner seemingly consistent with weak selection [@pgen.1003527-Yang2], [@pgen.1003527-Chamary1]--[@pgen.1003527-Akashi4], [@pgen.1003527-Singh1]--[@pgen.1003527-Haddrill1]. More evidence for weak selection acting at synonymous sites comes from the study of polymorphism within species. Purifying selection reduces the frequency of deleterious alleles in the population. To measure its effect, the site frequency spectrum (SFS) tabulates the fraction of observed SNPs in all frequency classes across the sites of interest. The overabundance of low frequency SNPs relative to the neutral expectation is the signal of purifying selection operating on the test sites. From this signal, one can calculate the strength of the selective force and the proportion of the test sites it affects [@pgen.1003527-EyreWalker2], [@pgen.1003527-Boyko1]. Such methods have been applied to studying the effects of selection on synonymous sites in a variety of Drosophila species, and have found evidence of weak selection - often favoring optimal codons [@pgen.1003527-Andolfatto1]--[@pgen.1003527-Zeng2].

Studies using divergence and polymorphism to infer selection as described above are, however, unable to detect the action of strong purifying selection. Tests that rely on divergence are limited in power to distinguish strong purifying selection from weak or moderate purifying selection. The problem lies in the efficacy of purifying selection (constraint) over a tree: a small, linear increase in the strength of constant purifying selection causes a large, exponential drop in the rate of evolution [@pgen.1003527-Wright1]--[@pgen.1003527-Kimura2]. Weak to moderate constraint is thus capable of conserving sites over even large phylogenetic distances and increasing the number of species/tree length results in only a limited increase in power to distinguish strong from moderate or weak purifying selection [@pgen.1003527-Lawrie1]. Unlike tests on divergence that have difficulty distinguishing between strong and weak constraint, tests using the SFS of observed polymorphism can miss strong purifying selection entirely. While both weak and strong constraint eliminate variation from the population, strong selection does so far more efficiently. Therefore, at sites of strong constraint there are few SNPs and only at very low frequency in the population. Without sequencing enough members of a population to attain a deep sample, such SNPs will not be in the SFS of observed polymorphism. With no signal in the shape of the SFS from shallow population sequencing data, any strong selection acting on synonymous sites could not be detected via these methods.

While strong selection does not significantly affect the shape of a shallow-sample SFS, the lack of polymorphism can itself be a powerful signal of the action of selection [@pgen.1003527-Keightley1], [@pgen.1003527-Keightley2]. Knowing how many mutations should be present in the population sample, as compared to the amount actually present, can allow the estimation of the fraction of sites under strong selection. To do this, one needs a large sample of sites as the density of polymorphism is always low - on the order of a few percent. Differentiating between low densities in the test set and the neutral reference thus requires a large number of sites from each.

Note that both weak purifying selection and lower rates of mutation can likewise cause a paucity of SNPs. Ultra-low frequency variants can distinguish the signal of strong constraint from that of a variation in the mutation rate between the neutral reference and the set of sites being tested. While mutational cold spots only lead to a lower number of SNPs, under strong purifying selection some mutations should still be observable at very low frequencies in a deep enough sample of the population. Weak selection, meanwhile, will affect the shape of the spectrum beyond the rare alleles and can be estimated from that. Combined, the lack of polymorphism and the excess of rare variants from a genome-wide, deep sample, could give the necessary power to quantify the intensity of the strong constraint and the fraction of sites it affects. Thus, our dataset needs to include both a wide sample of sites from the genome, as well as a deep sample from the population.

The Drosophila Genetic Reference Panel (DGRP) for *D. melanogaster* provides such a dataset [@pgen.1003527-Mackay1]. With 168 sequenced-inbred lines, this data set represents the whole genome (thus providing us with the widest possible sample of sites from the genome). The data also provides a deep sample of the variation within the *D. melanogaster* population of North Carolina. Using DGRP polymorphism, we estimate that, contrary to long held expectations, a substantial fraction of the synonymous sites in *D. melanogaster* is evolving under strong selective constraint. The discovery of strong selection on codon usage in Drosophila should dramatically change our collective perspective on the functional and evolutionary significance of synonymous sites.

Results {#s2}
=======

To detect the action of selection on DGRP variation in synonymous sites, we need a neutral reference against which to compare the site-frequency spectrum and SNP density of synonymous sites. Short introns in Drosophila have been shown to be evolving neutrally or nearly so [@pgen.1003527-Clemente2]--[@pgen.1003527-Haddrill2]. We therefore use sites from introns shorter than 86 bp as the neutral reference, also removing the edges of these introns, 16 bp away from the intron start and 6 bp away from the intron end, as they may contain splicing elements [@pgen.1003527-Haddrill2].

For our collection of synonymous sites, to prevent any confusion of synonymous vs. non-synonymous selection acting on a given codon position, we focused on the third codon positions of the four-fold degenerate amino acids (Proline, Alanine, Threonine, Glycine, and Valine). All possible mutations in the third codon position are synonymous for these five amino acids. The third codon positions of these amino acids will from hereon be referred to as 4D sites. So that we could later relate our results from this analysis on polymorphism within *D. melanogaster* to divergence across Drosophila, we used only those 4D sites from genes with 1--1 orthologs across the twelve sequenced Drosophila species as our test set [@pgen.1003527-Clark1].

To normalize the number of *D. melanogaster* strains sequenced at each position and any sequencing differences between short introns and 4D sites, we took only those positions which had their base pair called in at least 130 out of 168 strains and further resampled all SNPs to a depth of 130 homozygous strains (see [Materials and Methods](#s4){ref-type="sec"}). The resulting data set consists of 863,972 4D sites, 5.58% of them containing a SNP, and 870,364 sites in short introns with 6.0% of these being polymorphic. By comparing the density and SFS of polymorphism between 4D and short intron sites, we can quantify the strength of selective forces operating on 4D sites and the fraction of such sites they affect.

Before doing so, several potential confounding factors to such an analysis need to be removed. The greatest of these is the difference in GC content between short introns and 4D synonymous sites. The GC content of 4D sites in *D. melanogaster* is 64%, compared to only 31% for short introns. Mutation is known to be generally biased towards A/T with particularly high rates of mutation from C:G to T:A [@pgen.1003527-Nielsen1], [@pgen.1003527-Singh2], [@pgen.1003527-Hershberg3]--[@pgen.1003527-Petrov1]. With a higher GC content, 4D sites are thus expected to be subject to a higher mutation rate on average compared to short introns increasing their relative density of polymorphism. This mutational-GC effect could mask any effects of selection on 4D sites, which if present, would reduce the density of polymorphism in 4D sites compared to short introns.

A further complication is that there are spatial variations in the rates of mutation and recombination and in the amount and severity of linked selection across the genome [@pgen.1003527-Singh2], [@pgen.1003527-Sella1]--[@pgen.1003527-Macpherson1]. Sweeps, strong background selection, and variation in mutation rates may all influence the density of polymorphism in short intron sites relative to 4D sites [@pgen.1003527-Smith1], [@pgen.1003527-Charlesworth1].

Outlined in [Figure 1A](#pgen-1003527-g001){ref-type="fig"} is our bootstrap procedure to control for GC content and spatial variation in levels of polymorphism. We first pair 4D sites with short intron positions, requiring a short intron and 4D pair to have identical major alleles and be within 1 KB of each other. Such pairs are then sampled with replacement, first drawing a 4D site and then picking at random one of its possible short intron partners, until the number of random pairs drawn equals the population of all 4D sites with short intron pairs. This process matches the GC content of the neutral reference to the test set, ensures the same spatial sampling of the intronic and 4D sites, and as a side bonus, normalizes the total number from each.

![The signal of strong selection acting on 4D sites.\
(A) Overview of the bootstrap method. We sample 4D sites and their nearby (\<1 KB apart) short intron pairs with replacement in order to control for linked selection and variation in GC content and mutation/recombination rates between the neutral reference (short introns) and the test set (4D sites). The short intron, 4D pair must have the same nucleotide as their major allele. (B) The folded Site Frequency Spectra (SFS) of observed SNPs from short introns, 4D sites, and the theoretical neutral distribution in a population with constant size. The SNPs were resampled to 130 strains and folded using the minor allele frequency. (C) The ratio of the amount of polymorphism in short introns versus 4D sites in all, conserved, and variable amino acids with standard error bars. Conserved amino acids are those present and identical in the 12 sequenced Drosophila genomes. Variable amino acids are defined as being not conserved according to the above definition. Ten bootstraps were done for each category (all, conserved, and variable) of 4D site. Lifting the restriction on distance and only controlling for GC content in the bootstrap produces identical results as above (not shown). To be conservative, we continued to use the distance restriction in the bootstrap. Note, had we simply taken the density of polymorphism as is without correction of GC content, we would\'ve only seen a 7% drop in the density of polymorphism from short introns to 4D sites (5.58% vs 6.0% segregating in 4D versus short intron sites).](pgen.1003527.g001){#pgen-1003527-g001}

Strong purifying selection on synonymous sites {#s2a}
----------------------------------------------

[Figure 1B](#pgen-1003527-g001){ref-type="fig"} shows the SFS for the SNPs in short introns and 4D sites from one bootstrap run. The shapes of the short intron and 4D spectra appear nearly identical. However, this similarity in the shapes of the spectra for 4D and short intron sites belies a large disparity in the density of polymorphism between the two sets. We measured the density of polymorphism in short intron and 4D sites and calculated the standard error of our measurement over 10 bootstrap runs. We find that 4D sites have approximately 22.1% (+/−0.6%) fewer segregating sites as compared to short introns ([Figure 1C](#pgen-1003527-g001){ref-type="fig"}).

To account for the relative paucity of polymorphism in 4D sites when the spectra of 4D and short introns SNPs are so similar, we combined both facets of information in a maximum-likelihood method allowing for the effects of multiple selective forces and demography on polymorphism (see [Materials and Methods](#s4){ref-type="sec"}). We extended the SFS to include the number of non-polymorphic sites, the "zero"-frequency class, in our 4D and short intron bootstrap samples. Using such "amplitude" information along with the distribution of alleles over the observed frequency classes enables better maximum-likelihood estimation for parameters of strong selection. In this model, selection is parameterized by the effective selection coefficient *4N~e~s*: where *s* is the selection coefficient and *N~e~* is the effective population size of the organism. In our maximum-likelihood model, we used three categories of selection, neutral: *4N~e~s* = 0, weak purifying: \|*4N~e~s*\|\<5, strong purifying: \|*4N~e~s*\|\>100. The point estimates for the fraction of sites and the strength of constraint in each selection category can be seen in [Table 1](#pgen-1003527-t001){ref-type="table"}. While there is no evidence of extant weak selection acting differentially on 4D sites and short introns, ∼22% of 4D sites are estimated to be under very strong constraint, *4N~e~s*∼−283+/−28.3 (standard error estimate by bootstrap). When a coarse-grained demographic correction was applied to the SFS we obtained results that, though quantitatively are somewhat different (*4N~e~s*∼−370.1+/−105), are qualitatively similar in that for both cases 100\<\< \|*4N~e~s*\| \<\<700 -- the calculable limit of our program (see [Text S1](#pgen.1003527.s007){ref-type="supplementary-material"}).

10.1371/journal.pgen.1003527.t001

###### Estimated proportion of 4D sites and *4N~e~s* for each selection class.

![](pgen.1003527.t001){#pgen-1003527-t001-1}

  Selection Category[a](#nt101){ref-type="table-fn"}    Fraction of Sites[b](#nt102){ref-type="table-fn"}   Strength[c](#nt103){ref-type="table-fn"}
  ---------------------------------------------------- --------------------------------------------------- ------------------------------------------
  Neutral                                                                77.4% (+/−0.6%)                                       0
  Weak Constraint                                                               0                                             N/A
  Strong Constraint                                                      22.6% (+/−0.6%)                                 −283 (+/−28.3)

Selection categories are defined as follows  = \> Neutral: *4N~e~s* = 0, Weak Constraint: \|*4N~e~s*\|\<5, and Strong Constraint: \|*4N~e~s*\|\>100 - defining Strong Constraint: \|*4N~e~s*\|\>5 gives exactly the same Maximum Likelihood Estimator (MLE) for the fraction/strength of the strong category;

mean of the MLEs for the fraction of sites in each category over the ten bootstrap runs (+/− s.e.);

mean of the MLEs for the strength of strong selection over the ten bootstrap runs (+/− s.e.); *4N~e~μ* (*θ*) = 0.0132.

### Signal of strong selection not due to mutation {#s2a1}

One concern is the existence of some mutational difference between short introns and 4D sites beyond regional effects accounted for in the bootstrap, lowering the density of polymorphism in 4D sites relative to short introns. Such a difference is unlikely. As short introns are also transcribed, any transcription-coupled repair should affect both short introns and 4D sites equally, and its effects should be controlled for in our analysis. Furthermore, there have been no reports of such transcription-coupled repair lowering the mutation rate of transcribed regions in *D. melanogaster* [@pgen.1003527-Sekelsky1]. The rate of mutation at a site may also be affected by that site\'s immediate neighbors, a phenomenon known as context-dependence [@pgen.1003527-Hernandez1]--[@pgen.1003527-Siepel1]. However, when we used matching triplets in the bootstrap (i.e. the 4D site plus its immediate 3′ and 5′ neighbors paired against a similar trio of short intron sites), to account for any possible dinucleotide biases, we found no evidence of a mutational difference between 4D and short intron sites affecting our signal of strong constraint (see [Text S2A](#pgen.1003527.s008){ref-type="supplementary-material"}).

Our maximum-likelihood estimation of the intensity of strong selection is itself evidence against a mutational force underlying the disparity in polymorphism between intronic and 4D sites. Simply lowering the mutation rate of 4D sites while maintaining their neutrality with respect to short introns would affect only the relative density of polymorphism and not the shape of the SFS. Therefore, a lower mutational rate at 4D positions acts equivalently to infinitely strong purifying selection (i.e. presence of lethals) in the above maximum-likelihood estimation. With our sample depth, the maximum-likelihood estimation has the power to detect the difference between a lower rate of mutation at 4D sites and strong constraint operating at *4N~e~s* ∼−300 (see [Text S2B](#pgen.1003527.s008){ref-type="supplementary-material"}). Infinite selection or mutation on 4D sites would yield an estimate of *4N~e~s* ∼−700 (see [Text S2B](#pgen.1003527.s008){ref-type="supplementary-material"}), far outside the range of any estimate of the strength of selection we made. The finite estimate of constraint that we obtained with and without demographic correction argues against the possibility that a mutational difference between 4D sites and short introns explains our results.

With no significant involvement of other forces eliminating synonymous polymorphism, the percent of missing variation in 4D sites is therefore a reasonable proxy for the fraction of sites under strong constraint. Thus ∼22% of synonymous sites appear to be under very strong purifying selection in *D. melanogaster*.

Evolutionary history of synonymous sites across Drosophila {#s2b}
----------------------------------------------------------

Exposing the action of the strong constraint on divergence between Drosophila species affirms the functional importance of these 4D sites across evolutionary history and reveals how these constrained synonymous sites evolve. If the strong constraint at 4D sites we identified within *D. melanogaster* has been constant across Drosophila, we would expect it to result in the complete conservation of the constrained 4D sites. If, on the other hand, the strong constraint is not constant and there is functional turnover at these sites, then we would expect to see substitutions occurring even at constrained sites along the Drosophila species tree. In order to compare the divergence between species to the constraint within a species, we considered only those 4D sites in amino acids conserved across the twelve Drosophila species from *D. melanogaster* to *D. grimshawi*. This simplifies the analysis as only the synonymous third position of the codon has been allowed to change over time. Thus, we can focus solely on the evolution of the synonymous site itself rather than consider the evolution of the entire codon. [Figure 1C](#pgen-1003527-g001){ref-type="fig"} shows that the conservation of the amino acid has no bearing on the fraction of missing polymorphism in 4D sites. As such, the 4D sites of conserved amino acids provide a representative sample with which to study the strong constraint over the evolution of all 4D sites.

The gene orthologs in the other species were obtained from the 12 Drosophila Genome Consortium data realigned by PRANK [@pgen.1003527-Clark1], [@pgen.1003527-Lytynoja1], [@pgen.1003527-MarkovaRaina1]. We used the established 12 Drosophila species tree and re-estimated the branch lengths on the aligned 4D sites with PhyML (see [Materials and Methods](#s4){ref-type="sec"}) [@pgen.1003527-Guindon1]. From these alignments we removed the sequences belonging to *D. melanogaster* and *D. willistoni*. The *D. melanogaster* sequences were removed because the polymorphism data was extracted from this species and we wished to avoid a false concordance between the results from polymorphism and divergence. The *D. willistoni* sequences were removed, because the branch length leading to *D. willistoni* is long and the codon bias of *D. willistoni* is significantly different than from the rest of the twelve Drosophila species [@pgen.1003527-Vicario1]. Having removed these species, the expected number of substitutions over the now ten Drosophila species tree for synonymous positions in otherwise conserved four-fold amino acids is estimated by PhyML at 3.1 subs/site [@pgen.1003527-Guindon1]. To obtain site-wise estimates of conservation, we then inferred the number of substitutions along this tree for each 4D site independently using GERP (see [Materials and Methods](#s4){ref-type="sec"}) [@pgen.1003527-Cooper1], [@pgen.1003527-Davydov1].

[Figure 2](#pgen-1003527-g002){ref-type="fig"} shows that the percentage of sites under strong constraint declines monotonically as the rate of evolution increases. 40.8% (+/−1.9%) of completely conserved sites (0 substitution class), and only 7.1% (+/−3.0%) of the fastest evolving sites (≥9.3 substitution class) are predicted to be under strong constraint. This difference in the amount of constraint between fast and slow-evolving sites allowed us to carry out a further control for any variation in mutation rate between short introns and 4D sites. We carried out an identical bootstrap procedure but pairing slow-evolving 4D sites with neighboring fast-evolving 4D sites instead of short introns as a neutral reference. We recapitulated our result of strong constraint at 4D sites by using slow- versus fast-evolving 4D sites (see [Text S2C](#pgen.1003527.s008){ref-type="supplementary-material"}).

![Conservation versus constraint at 4D sites in conserved amino acids.\
For each 4D site in a conserved amino acid, we use GERP to infer the number of substitutions that have occurred at that site across the Drosophila tree (removing *D. melanogaster* and *D. willistoni* from the analysis). We define eight rate classes defined by the number of inferred substitutions across the tree - a proxy for the rate of evolution at the site - and bin the 4D sites accordingly. The class of the slowest evolving sites consists of those codons completely conserved across the ten Drosophila species (0 inferred substitutions along the tree at the 4D site). The fastest evolving class meanwhile has sites with greater than or equal to 9.3 substitutions per site. The remaining substitution classes are spread at intermediate values with a view to roughly equilibrate the number of sites in each class. The substitution bins (b) are as follows: (b~1~ = 0, 0\<b~2~≤1.4, 1.4\<b~3~≤1.92, 1.92\<b~4~≤3.10, 3.10\<b~5~≤4.40, 4.40\<b~6~≤6.20, 6.20\<b~7~\<9.30, b~8~≥9.30). 10 bootstraps were done for the 4D sites within each bin and their short introns partners. Error bars represent the s.e. of the estimates.](pgen.1003527.g002){#pgen-1003527-g002}

This correlation between a 4D site\'s conservation across species and strong constraint within a species underscores the functional importance of these synonymous positions over the evolutionary history of the Drosophila clade. However, over 80% of the sites currently under strong constraint in *D. melanogaster* fall outside the 0 substitution class, i.e. are not conserved across the ten Drosophila species. Indeed, over 11% of 4D sites under strong constraint in *D. melanogaster* have each acquired 6.2 or more substitutions over the tree, evolving quickly at more than twice the average rate. As even a moderate amount of selection results in complete conservation if it has been consistent over the tree, this suggests there has been functional turnover at these functionally important synonymous sites.

Codon bias {#s2c}
----------

Codon bias is generally thought to be the product of background substitution biases combined with a weak selective force within genes skewing codon usage towards optimal (preferred) codons to increase translation efficiency and accuracy [@pgen.1003527-Hershberg2]. In Drosophila, translationally preferred codons are always G- or C-ending (except for in *D. willistoni*) [@pgen.1003527-Vicario1]. The five four-fold degenerate amino acids have the following preferred codons: Alanine - GCC; Glycine - GGC; Proline - CCC; Threonine - ACC; and Valine - GTG [@pgen.1003527-Vicario1]. Selection for codon bias is thus likely responsible for driving the GC content of 4D synonymous sites in *D. melanogaster* to 64% and to over 67% in the 4D sites of amino acids conserved over the 12 Drosophila species. While codon bias increases in conserved amino acids [@pgen.1003527-Akashi3], as stated above, the strong selection at synonymous sites inferred in this paper does not ([Figure 1C](#pgen-1003527-g001){ref-type="fig"}). To explore the relationship between codon bias and the strong constraint, we measured the fraction of sites under strong constraint within each codon, in unpreferred versus preferred codons conserved from *D. sechellia*-*D.grimshawi*, and across genes ranked by codon bias.

### The codon targets of strong selection {#s2c1}

Despite the fact that the conservation, and thus presumably the functional importance, of the amino acids appears not to matter, the fraction of 4D sites under strong constraint does fluctuate across the different amino acids: Alanine −22.3% (+/−0.9%); Glycine −15.0% (+/−1.8%); Proline −18.0% (+/−1.7%); Threonine −24.8% (+/−1.0%); Valine −28.5% (+/−1.2%). In order to identify the fraction of synonymous sites under constraint for an individual codon within each amino acid, we first assigned 4D sites to codons by their ancestral state, which we determined by parsimony using *D. sechellia* as the outgroup. We determine ancestral/derived alleles, known as "polarizing" a site, based on this principle. However, a substitution between *D. sechellia* and *D. melanogaster* will cause a site to be unpolarizable. Because more monomorphic 4D sites than polymorphic ones are unpolarizable, simply removing unpolarizable sites would cause a shift in the density of SNPs in 4D sites and alter our signal of constraint. Therefore, these ancestrally ambiguous sites (\<8%) were assigned to their respective codons by their major allele so as not to remove sites during polarization.

[Figure 3](#pgen-1003527-g003){ref-type="fig"} shows the relationship between the amount of constraint in all the 4D sites for all codons grouped by their optimality and amino acid as well as the amount of each codon in the bootstrap analysis, reflecting the abundance of that codon in the genome. Two striking observations result from this analysis. First, while optimal codons are more frequently constrained than non-optimal codons, 25% (P) versus 18% (U) over all, for any individual amino acid the optimal codon may not have the highest fraction of sites under constraint. For Proline and Valine, the 4D sites of the unpreferred codons CCA/CCG (Proline) and GTT (Valine) are the most frequently strongly constrained. Second, there are some codons that have no apparent strong constraint on their 4D site - i.e. their 4D SNP density matches or exceeds the SNP density of short introns. These codons with seemingly neutral 4D sites are also used rarely in the genome relative to the other codons for that amino acid. These results are qualitatively similar when restricting the analysis to conserved amino acids (not shown).

![Constraint across codons.\
For each amino acid, we list the codons and, in parentheses, the number of 4D sites from each codon used in the bootstrap analysis -- representing, in relative terms, the abundance of each codon in the genome. P-codons are all 4D sites from optimal codons grouped together, while U-codons are all 4D sites from non-optimal codons. 4D sites were binned into codons either by their ancestral allele as determined by parsimony to *D. sechellia* or by major allele if there is a substitution at that site between *D. sechellia* and *D. melanogaster*. Gold bars are the optimal codons for each amino acid, while dark grey bars are the non-optimal codons. 10 bootstraps determine the fraction of sites under constraint for each codon-type. Error bars represent the s.e. of the estimates. A negative value indicates an excess of polymorphism at 4D sites compared to short introns and is likely due to mispolarization assigning SNPs to the wrong codon.](pgen.1003527.g003){#pgen-1003527-g003}

There would thus appear to be strong selection on codon usage beyond the canonical selection for optimal codons. [Figure 3](#pgen-1003527-g003){ref-type="fig"} defines which codons are "favored" by strong constraint for each of the five four-fold amino acids. Sometimes these are also the previously defined optimal codons, but sometimes they are not. Even though there is propensity of strong constraint to affect particular codons, each four-fold amino acid has more than one codon with some fraction of its synonymous positions across the genome under strong constraint.

Our procedure polarizing sites by parsimony to a single species outgroup and then by major allele can misidentify the ancestral allele. Thus SNPs can be grouped with the wrong set of monomorphic sites, subtly changing the SNP densities across the codons. For instance, the negative fraction of sites under constraint - indicative of an excess of 4D polymorphism relative to short introns - for Proline\'s codon CCT is likely a product of this mispolarization. It is more likely that codon CCT is similar to GGG, GGT, ACT, and GTA and has a neutral or nearly neutral level of polymorphism. Thus while the relationship between codons is worth noting, the exact numerical fraction of sites under constraint for each individual codon are all slightly biased beyond the nominal standard error. This bias is difficult to quantify but is not expected to be strong for most codon categories as *D. sechellia* and *D. melanogaster* are closely related species with few substitutions to throw off polarization. To eliminate any such biases from mispolarization and concurrently study the long-term signals of selection on 4D sites with respect to codon optimality and strong constraint, we refocused our analysis on only conserved codons.

### Conserved codons: The dueling signals of codon bias and strong constraint {#s2c2}

To more accurately quantify the relationship between selection for optimal codons and strong constraint, we restricted our bootstrap to include only those 4D sites from conserved amino acids in the 0 substitution class - i.e. those 4D sites conserved across the ten Drosophila species from *D. sechellia* to *D. grimshawi* (excluding *D. melanogaster* and *D. willistoni*). In such conserved codons, there are only a few substitutions along the *D. melanogaster* lineage at the 4D sites. In over 98% of these conserved 4D sites, both segregating and monomorphic, *D. melanogaster* shares an allele with the ten Drosophila species outgroup - the ancestral allele by parsimony. Such support as ten species sharing the same allele provides more confidence in the polarization of the SNPs at these sites. Also, roughly the same percent of monomorphic as polymorphic sites are removed as unpolarizable (less than 2% each) so that the act of polarization itself does not affect the density of 4D SNPs. This restriction allows for confident polarization by parsimony without changing the relative density of SNPs between 4D sites and short introns. As there are too few such conserved 4D sites to analyze each codon individually as above, we only consider the broad classes of preferred and unpreferred 4D sites. Note, however, these fully conserved codons are precisely where the action of selective forces has been most efficacious over evolutionary history.

In contrast to the results from all codons, when limiting the analysis to conserved codons ([Figure 4](#pgen-1003527-g004){ref-type="fig"}), a higher fraction of unpreferred than preferred 4D sites are under strong constraint −53% (U) to 38% (P). However, 4D sites in the optimal state in *D. melanogaster* have been conserved across the ten Drosophila species to a greater extent, almost three times as often, than their non-optimal counterparts ([Figure 4](#pgen-1003527-g004){ref-type="fig"}). This is expected because weak selection for codon bias in other Drosophila species on the Drosophila tree is expected to generate conservation at optimal codons over and above the strong constraint we identify in this paper. Therefore, although fewer non-optimal codons are conserved in total, more of the conserved non-optimal codons have been so conserved because of the strong constraint.

![Codon optimality versus constraint in conserved codons.\
Codons are conserved from *D. sechellia*-*D. grimshawi* (excluding *D. willistoni*). The conserved codons were separated into those that were ancestrally preferred (P) and those that were ancestrally unpreferred (U) using polarization with the *D. sechellia*-*D. grimshawi* (excluding *D. willistoni*) outgroup. 10 bootstraps were done within each class. Error bars represent the s.e. of the estimates. The dark bars represent the counts of all sites that fall into each class while the light bars represent the number of sites estimated to be under strong constraint via the bootstrap procedure. The dashed line indicates what the count of total unpreferred conserved codons would have been had unpreferred 4D sites been conserved to the same extent as preferred 4D sites in otherwise conserved amino acids, i.e. the dashed line represents the proportion of U:P in all conserved amino acids. More than half (53%) of those unpreferred codons that are conserved across the ten Drosophila species are under strong purifying selection in *D. melanogaster*; 38% of preferred conserved codons are under strong selection.](pgen.1003527.g004){#pgen-1003527-g004}

### Strong constraint across genes ranked by codon bias {#s2c3}

To compare the gene targets of selection for codon bias and the strong constraint, we ranked genes by their Effective Number of Codons (ENC) [@pgen.1003527-Sharp1] and Frequency of Optimal Codons (FOP) [@pgen.1003527-Ikemura2], each obtained from the database SEBIDA [@pgen.1003527-Gnad1]. While neither metric accounts for local GC content, we used them to broadly classify genes by the extent of their codon bias (high, medium, low). We then performed 10 bootstrap runs on all the 4D sites within each gene-class. From [Table 2](#pgen-1003527-t002){ref-type="table"}, we can see that highly biased genes (having a high FOP and low-med ENC) have a slightly lower fraction of sites under strong constraint than genes with lower codon bias. Thus strong constraint acting on synonymous sites in *D. melanogaster* operates largely independently from canonical codon bias.

10.1371/journal.pgen.1003527.t002

###### Strong constraint in genes grouped by codon bias.

![](pgen.1003527.t002){#pgen-1003527-t002-2}

  FOP[a](#nt104){ref-type="table-fn"}    Fraction of Sites[c](#nt106){ref-type="table-fn"}   ENC[b](#nt105){ref-type="table-fn"}   Fraction of Sites[c](#nt106){ref-type="table-fn"}
  ------------------------------------- --------------------------------------------------- ------------------------------------- ---------------------------------------------------
  high FOP                                                18.7% (+/−1.7%)                                  low ENC                                  21.8% (+/−1.5%)
  medium FOP                                              23.1% (+/−1.0%)                                medium ENC                                 21.8% (+/−0.8%)
  low FOP                                                 23.2% (+/−0.9%)                                 high ENC                                  23.0% (+/−1.0%)

Genes are ranked in descending order by their Frequency of Optimal Codons (FOP) with the top, middle, and bottom third forming the high, medium, and low FOP classes respectively;

genes are ranked in ascending order by their Effective Number of Codons (ENC) with the top, middle, and bottom third forming the low, medium, and high ENC classes respectively;

mean fraction of 4D sites under strong constraint in each category over 10 bootstrap runs (+/− s.e.).

Strong constraint as a function of different genic features {#s2d}
-----------------------------------------------------------

[Table 3](#pgen-1003527-t003){ref-type="table"} summarizes our analyses of how the extent of strong constraint is influenced by different genic features such as gene length, the location of the synonymous site along the gene, the chromosome on which the gene is located, whether or not the synonymous site falls within splice junctions, and nucleosome binding. Many of the associations below, while suggestive, are marginal in effect. The dominant pattern is that strong constraint at synonymous sites appears to be ubiquitous across different gene classes and functional elements within genes.

10.1371/journal.pgen.1003527.t003

###### Strong constraint over different genic features.

![](pgen.1003527.t003){#pgen-1003527-t003-3}

  Category                                            Fraction of Sites[a](#nt107){ref-type="table-fn"}                       Category                        Fraction of Sites[a](#nt107){ref-type="table-fn"}
  -------------------------------------------------- --------------------------------------------------- --------------------------------------------------- ---------------------------------------------------
  5′ 75 bp of CDS[b](#nt108){ref-type="table-fn"}                      30.7% (+/−3.0%)                     3′ 75 bp of CDS[c](#nt109){ref-type="table-fn"}                     31.5% (+/−2.5%)
  Bulk Nucleosomes[d](#nt110){ref-type="table-fn"}                     24.2% (+/−0.7%)                    splice junctions[e](#nt111){ref-type="table-fn"}                     26.0% (+/−1.0%)
  multi-exon genes[f](#nt112){ref-type="table-fn"}                     22.0% (+/−0.6%)                    single-exon genes[g](#nt113){ref-type="table-fn"}                    21.8% (+/−4.4%)
  long genes[h](#nt114){ref-type="table-fn"}                           25.8% (+/−0.9%)                        long CDSs[i](#nt115){ref-type="table-fn"}                        24.1% (+/−0.8%)
  medium genes[h](#nt114){ref-type="table-fn"}                         19.3% (+/−0.6%)                       medium CDSs[i](#nt115){ref-type="table-fn"}                       19.2% (+/−1.0%)
  short genes[h](#nt114){ref-type="table-fn"}                          17.3% (+/−1.3%)                       short CDSs[i](#nt115){ref-type="table-fn"}                        20.3% (+/−1.8%)
  autosomal genes[j](#nt116){ref-type="table-fn"}                      22.6% (+/−0.5%)                     X-linked genes[k](#nt117){ref-type="table-fn"}                      19.2% (+/−1.3%)

Mean fraction of 4D sites under strong constraint in each category over 10 bootstrap runs (+/− s.e.);

4D sites within 75 bp of the translation start site (longest transcript);

4D sites within 75 bp of stop codon (longest transcript);

4D sites in bulk nucleosome footprints;

4D sites within 48 bp of a splice junction;

4D sites from multi-exon genes;

4D sites from single-exon genes;

genes are ranked in descending order by their gene length (UTR + all exons + all introns) with the top, middle, and bottom third forming the long, medium, and short gene classes respectively;

genes are ranked in descending order by their CDS length (longest transcript) with the top, middle, and bottom third forming the long, medium, and short CDS classes respectively;

4D sites from Autosomal genes;

4D sites from X-linked genes.

### Spatial distribution of strong constraint within genes {#s2d1}

Looking at the distribution of constrained sites within genes, we focused on those sites that are within 75 bp from the start or stop codon and compared them to the 4D sites that lie in the middle of the gene. For this comparison, we took only those genes with a CDS longer than 150 bp. ∼31% of 4D sites near the translation start and stop are under strong constraint. This is nearly a 50% increase in the fraction of sites under strong constraint as compared to the middle of the gene where only ∼21% of 4D sites are under strong constraint on average. Breaking the spatial distribution of 4D sites across the middle of the gene into finer segments, we find no other peaks of strong constraint beyond those at the 5′ and 3′ edges of the genes (see [Figure S1](#pgen.1003527.s002){ref-type="supplementary-material"}).

### Bulk nucleosomes {#s2d2}

Bulk nucleosomes wind themselves over ∼146 bp of DNA, attaching at semi-regular intervals. Nucleosome-bound regions are associated with both the presence of purifying selection and lower rates of mutation [@pgen.1003527-Chen1]--[@pgen.1003527-Warnecke2]. Canvassing all 4D sites in the 146 bp regions around known bulk nucleosomal binding sites [@pgen.1003527-Mavrich1], we find a small increase in the fraction of missing polymorphism in these 4D sites bound by nucleosomes ([Table 3](#pgen-1003527-t003){ref-type="table"}). However, we have reason to believe that this slight increase above 22% is due to weak selection acting on nucleosome-bound sites and is likely not related to the strong constraint we measure in this paper (see [Text S3](#pgen.1003527.s009){ref-type="supplementary-material"}). This potential weak-selective force does not impact our other results as it affects both short introns and 4D sites and we only measure selective differences between short introns and 4D sites.

### Splice junctions {#s2d3}

To investigate whether strong constraint can be explained by the need to maintain splice junctions, we tested 4D sites near intron-exon splice junctions - i.e. within 48 bp of a splice site. Around 26.0% of such 4D sites are under strong constraint ([Table 3](#pgen-1003527-t003){ref-type="table"}). This might indicate a role for splicing enhancers in the strong constraint, but [Table 3](#pgen-1003527-t003){ref-type="table"} also shows that multi-exon genes and single-exon genes have similar amounts of strong constraint. The inference on the single-exon genes is particularly noisy, especially so given that our bootstrap method controls for distance to short introns. However, only about one-fifth of our 4D sites fall near splice sites and the modest enrichment of constraint near splice sites is not enough to explain the ubiquitous constraint at 4D sites across the genome or especially in single-exon genes.

### Gene length {#s2d4}

Longer genes tend to have slightly more sites under strong constraint than shorter genes ([Table 3](#pgen-1003527-t003){ref-type="table"}). Interestingly this correlation is stronger when taking intron and UTR length into account than when considering the CDS sequence alone. This pattern is the opposite of what is seen for codon bias in Drosophila [@pgen.1003527-Akashi2], [@pgen.1003527-Moriyama1].

### X-linked versus autosomal genes {#s2d5}

In [Table 3](#pgen-1003527-t003){ref-type="table"}, we show that X-linked genes have a slightly lower fraction of sites under strong constraint than autosomal genes. This pattern is again the opposite of what is seen for codon bias [@pgen.1003527-Zeng2], [@pgen.1003527-Singh3]. As selection is more efficient on the X chromosome [@pgen.1003527-Singh4], the cause for this difference is not clear and might reflect some difference in the types of genes located on the X as opposed to the autosomes.

Strong constraint correlates with gene expression level over development {#s2e}
------------------------------------------------------------------------

To map how strong constraint at synonymous sites varies with gene expression over development, we ranked genes by their expression levels at each developmental time point in the ModEncode data set [@pgen.1003527-Graveley1]. We split the genes evenly into three categories of expression - highly, moderately, and lowly expressed - within each developmental stage and ran 10 bootstraps for the 4D sites of the genes within each expression category in each developmental time point. The results are shown in [Figure 5](#pgen-1003527-g005){ref-type="fig"}.

![Strong constraint versus gene expression across development.\
Within each developmental time point, genes were ranked by their level of expression and then grouped into high, moderate, and low expression levels - each group comprising of one-third of all genes. Within each gene set within each time point, the fraction of 4D synonymous sites under strong constraint was calculated using the bootstrap. 10 bootstraps were done within each such class. Error bars represent the s.e. of the estimates.](pgen.1003527.g005){#pgen-1003527-g005}

The overall gene expression level across development correlates well with the fraction of sites under strong constraint with lowly expressed genes tending to have fewer sites under strong constraint and highly expressed genes tending to have more sites under strong constraint. This pattern is strongest for the genes expressed highly in mid-late embryos, pupae, and adult males. The association of strong constraint with these developmental stages is further enhanced when the "high" expression group has been split in half into "high" and "very high" expression level categories (see [Figure S2](#pgen.1003527.s003){ref-type="supplementary-material"}). In contrast to this preference of strong selection for genes highly expressed in embryo, pupal, and adult stages, codon bias is highest for genes whose expression peaks in larval stages [@pgen.1003527-Vicario2].

Strong constraint over gene ontology {#s2f}
------------------------------------

The difference in density of polymorphism between 4D sites and short introns does not allow for precise measurements of constraint on the synonymous sites of single genes. To identify a set of genes that are under particularly strong constraint at synonymous sites, we ranked genes by the fraction of their conserved amino acids that are unpreferred and conserved from *D. sechellia to D. grimshawi*, in the 0-substitution class (see [Materials and Methods](#s4){ref-type="sec"}). Our method left 4,877 genes capable of being ranked of which we took the top sixth (812 genes, see [Dataset S1](#pgen.1003527.s001){ref-type="supplementary-material"}) as our gene set enriched for strong constraint.

To validate our method of selecting genes under strong constraint, we checked that our 812-gene set is indeed enriched for strong constraint at 4D sites. We performed a bootstrap analysis on the 4D sites of variable amino acids in the genes in and out of this top set. Estimating constraint using 4D sites from variable amino acids provides a measure of the fraction of synonymous sites under constraint independent from our surrogate using conserved amino acids. In the top 812 genes, we find a ∼30% reduction in polymorphism at 4D sites in variable amino acids; in all 4,065 genes not in the top 812 set, we find an average of ∼21% of 4D sites in variable amino acids under strong constraint. As such, our top 812 genes are enriched for almost 50% more 4D sites under strong constraint than the average gene. Note that any individual gene in the 812-set does not necessarily have elevated levels of strong constraint at its synonymous sites, nor does any individual gene of the 4,065 necessarily have a lower fraction of 4D sites under strong constraint.

In order to examine whether genes under strong constraint at synonymous sites tend to be enriched for certain functions, we used DAVID 6.7 [@pgen.1003527-DaWeiHuang1], [@pgen.1003527-Sherman1]. DAVID takes all the genes in the background data set (4,877 genes) and all genes in the test data set (812 genes) and looks for the enrichment of biological terms and gene families in the test set relative to the background. In [Table 4](#pgen-1003527-t004){ref-type="table"}, we list a subset of those biological terms found by DAVID\'s functional annotation clustering run on high stringency (for full information on the top 13 clusters, see [Table S3](#pgen.1003527.s006){ref-type="supplementary-material"}). We find that in genes enriched for strong constraint, we co-enrich for many important functional gene sets. In particular, we co-enrich for genes critical in pupae-to-adult morphogenesis and in late embryogenesis. This finding is consistent with the result that genes expressed highly in late embryos, pupae, and adults have elevated levels of strong constraint at 4D sites. Many other functional classes important to the basic development and functioning of *D. melanogaster* appear to have a higher fraction of synonymous sites under strong constraint including: transcription factors, ribosomal genes, immunoglobulin genes, genes regulating gamete production -- particularly oogenesis, cell-signaling genes -- particularly synaptic transmission, and more.

10.1371/journal.pgen.1003527.t004

###### Functional clusters in genes enriched for strong constraint.

![](pgen.1003527.t004){#pgen-1003527-t004-4}

  Cluster \#[a](#nt118){ref-type="table-fn"}    Overall Functional Annotation[b](#nt119){ref-type="table-fn"}   Enrichment[c](#nt120){ref-type="table-fn"}
  -------------------------------------------- --------------------------------------------------------------- --------------------------------------------
  1                                                              transcriptional regulation                                        9.69
  2                                                               imaginal disc development                                        9.28
  3                                                                homeobox protein domain                                         7.57
  4                                                                   eye morphogenesis                                            7.49
  6                                                                epithelium development                                          6.07
  8                                                                 immunoglobulin domain                                          5.93
  9                                                                  ribosomal proteins                                            5.36
  10                                                                   cell signaling                                              4.59
  12                                                                  gamete generation                                            4.33
  13                                                                 neuron development                                            3.51

Functional annotation clusters ranked by significance by DAVID [@pgen.1003527-DaWeiHuang1], [@pgen.1003527-Sherman1]. These clusters are groups of similar or related biological annotation terms, with similarity determined by a simple stringency setting - in the above, a high stringency setting was used. The significance of the overall cluster reflects the combined enrichment in the test gene set of the individual annotation terms within a cluster (see c). Clusters 5, 7, and 11 are not reported here as their biological terms were similar to clusters 4, 1, and 4 & 13 respectively, so provided no new information. The full information for the top 13 clusters is reported in [Table S3](#pgen.1003527.s006){ref-type="supplementary-material"};

Summary description of the type of annotation terms within each cluster. The specific annotation terms for each cluster are in the supplement;

The enrichment score of the overall cluster as calculated by DAVID in the test gene set with respect to the background gene set. According to the description of enrichment scores by DAVID, each individual annotation term within a cluster has a p-value, or significance, for the enrichment of that term in the test gene set. The enrichment score of the overall cluster is then the geometric mean of these p-values. Thus the higher the enrichment score, the lower the p-values are for all terms in the overall annotation cluster and the more significantly enriched the overall cluster is in the test gene set. The p-values for the enrichment of the annotation terms in each cluster are reported in [Table S3](#pgen.1003527.s006){ref-type="supplementary-material"}.

Discussion {#s3}
==========

The strong constraint at synonymous sites in *D. melanogaster* measured in this paper represents a powerful force. We estimate that ∼22% of synonymous sites are experiencing, on average, a selective pressure between *4N~e~s* ∼−250--−500 against deleterious mutations. This strength of selection is as strong or stronger as has been measured via population genetic techniques at any class of sites, including non-synonymous ones [@pgen.1003527-Keightley1], [@pgen.1003527-Keightley2]. Mutations at strongly constrained synonymous sites should never rise above low frequency in the population and certainly will never fix, barring tight linkage to a very advantageous allele or a shift in the functional properties of the site. While detectable within a population, these mutations are effectively lethal over evolutionary time.

We tested a number of controls to rule out the possibility that our observation of strong purifying selection results from other forces with possibly similar signals: A lower mutation rate, for example, can cause a signal indistinguishable from strong selection in polymorphism if the sample depth of the population is too shallow. To account for this, and at the same time account for any variation in the amount of linked selection between 4D sites and short intron sites, we used a bootstrap to control for GC content and distance between the 4D and short intron sites. We also performed bootstraps controlling for dinucleotide content between 4D and short intron sites and performed bootstraps pairing slow-evolving 4D sites against fast-evolving 4D sites as the neutral reference. Neither revealed a mutational force underlying the ∼22% drop in 4D polymorphism compared to short introns. As revealed by simulations, the finite estimate we obtained of the strength of strong selection is itself evidence against a mutational force being responsible for our signal, as mutational variation would behave like infinite selection on 4D sites. While we do not have the frequency depth from the population necessary to estimate a full distribution of selection coefficients for the strong constraint force, our point estimate of *4N~e~s* ∼−283 for these 22% of sites is statistically significantly different from the value of *4N~e~s* ∼−700 (the computational limit of our program) expected if the signal was due to variation in mutation rate.

We also controlled for deviations from mutation-selection equilibrium affecting both the 4D and short intron site frequency spectra using a frequency-dependent correction. Such deviations include demography, shared (linked) selection between 4D sites and short introns, and our own approximations to the SFS. Controlling for these deviations resulted in a higher estimate of the strength of selection (*4N~e~s*∼−370) with larger error bars, but still significantly far from the boundary of *4N~e~s*∼−700.

A constant influx of weakly advantageous alleles in coding sequences, as is expected to occur in *D. melanogaster* [@pgen.1003527-Andolfatto2], could affect variation at nearby 4D sites more than at short introns. The resulting genetic draft generated by adaptive substitutions in coding sequences would weaken the apparent intensity of purifying selection on 4D sites by bringing strongly deleterious alleles to higher frequencies, making our above estimates of selection intensity conservative [@pgen.1003527-Messer1]. Even so, strong selection, rather than a mutational difference, would still underlie our signal, as genetic draft cannot alter the frequency of synonymous mutations that are simply absent from the population. On the other hand, sweeps of weakly advantageous alleles in coding sequences could eliminate polymorphism in 4D sites more so than in short introns. Narrow selective sweeps in coding sequences reducing variation at otherwise neutral 4D sites is, however, an unlikely explanation for our observations. When comparing 4D sites from different substitution rate classes against each other, we found a signal of strong constraint at conserved 4D sites relative to fast-evolving 4D sites. As sweeps should not affect the overall substitution rate of linked sites, strong purifying selection on synonymous sites is the best explanation for the lack of polymorphism at 4D sites relative to short introns.

Our ability to detect strong selection and differentiate it from other forces critically depends on the availability of deep and genome-wide population data. Previous data sets could only find weak or no constraint, thus always confirming our collective biological intuition that synonymous sites had little functional or evolutionary importance. In a shallower sample of even genome-wide data, the highly deleterious variants would be simply missing from the sample and there would be no power to distinguish strong selection from a variation in the rate of mutation. As an example, we simulated 4D sites evolving under the selective regime inferred from the real data (22% of sites at *4N~e~s* = −283) but with only 60 instead of 130 homozygous strains. Attempting to re-estimate the strength of selection from such a shallow sample results in the observation of seemingly infinite selection operating on 22% of 4D sites. Simulating 60 strains under a scenario where neutral 4D sites have a 22% lower mutation rate than do short introns results in the same inference of infinite selection. Genome-wide, deep population data sets were not available before recently and thus strong constraint could never before be unambiguously detected at synonymous sites.

Interestingly, the strong constraint in *D. melanogaster* appears to be a largely orthogonal force to canonical codon usage bias, favoring an overlapping, but different set of codons with subtly different gene targets. Codon bias increases as the conservation of amino acids increases, while the strong constraint targets the 4D sites of both conserved and variable amino acids equally. We further identified the codons under strong constraint and, for any given amino acid, the codon(s) with the highest fraction of sites under constraint were not necessarily the optimal codon. Other studies have likewise noted signals of selection favoring non-optimal codons in Drosophila [@pgen.1003527-Clemente1], [@pgen.1003527-Nielsen1], [@pgen.1003527-Singh1], [@pgen.1003527-DuMont1], [@pgen.1003527-DuMont2]. Overall, preferred 4D sites do have greater amounts of strong constraint acting on them, but the strong selective force targets a substantial fraction of the unpreferred 4D sites as well. There is also a weak anti-correlation between genes with a high fraction of constraint and genes with high codon bias, which extends to various gene features. Long genes are associated with higher levels of strong constraint at 4D sites as opposed to shorter genes, in opposition to codon bias in Drosophila [@pgen.1003527-Akashi2], [@pgen.1003527-Moriyama1]. X-linked genes have a lower fraction of 4D sites under constraint than autosomal genes, wheras codon usage bias is stronger on the X [@pgen.1003527-Zeng2], [@pgen.1003527-Singh3]. While both codon bias and the fraction of 4D sites under strong constraint are correlated with highly expressed genes, codon usage bias is strongest in genes with their highest expression in larval stages [@pgen.1003527-Vicario2] as opposed to the strong constraint seen most often in genes expressed highly in mid-late embryo, pupal, and male adult stages.

The pattern of conservation over 4D sites supports the existence of weak selection in Drosophila favoring the conservation of preferred 4D sites across the twelve species, but it appears to have been relaxed in *D. melanogaster*. In our SFS analysis, we were not only able to gauge the intensity of strong selection, but also show a lack of contribution from weak purifying selection to our signal. If any weak selection is still acting differentially on synonymous sites relative to short introns, then it is not powerful enough to be detected by our SFS model or contribute much to our signal of lost polymorphism. These results recapitulate some earlier results on *D. melanogaster* [@pgen.1003527-Andolfatto1], although see [@pgen.1003527-Clemente1]--[@pgen.1003527-Zeng2]. While weak selection on 4D sites in *D. melanogaster* may not have vanished completely, the large influx of mutations and substitutions away from optimal codons corroborates some relaxation of constraint for codon bias in *D. melanogaster* [@pgen.1003527-Clemente1], [@pgen.1003527-Nielsen1], [@pgen.1003527-Akashi4], [@pgen.1003527-Singh1], [@pgen.1003527-McVean1]. Overall, weak selection for codon bias would seem to be less of a force on synonymous sites in *D. melanogaster* than in its sister species where weak selection for codon bias can be detected with far less ambiguity [@pgen.1003527-Andolfatto1], [@pgen.1003527-Nielsen1], [@pgen.1003527-Akashi4], [@pgen.1003527-Singh1], [@pgen.1003527-Akashi5], [@pgen.1003527-Haddrill1]. Thus, evidence suggests that there are at least two major, orthogonal forces affecting the evolution of 4D sites in Drosophila: the weak selective force driving codon bias that favors optimal codons, present in other Drosophila species, but relaxed in *D. melanogaster*; and an extant strong selective force targeting both optimal and non-optimal codons in *D. melanogaster* and across the Drosophila phylogeny. The function engendering the strong constraint appears to be independent of the translation optimization for efficiency and accuracy governing canonical codon usage bias.

The presence of splicing enhancers and nucleosomes do not explain the pattern of strong purifying selection either. However, the function underlying the strong constraint of synonymous sites may yet prove to be acting at the level of gene regulation. Those genes where strong selection on synonymous sites acts most frequently are often highly expressed regulatory proteins, operating in essential, tightly controlled developmental pathways. These are genes where the regulation of gene expression will matter most. Regulation of gene expression may be acting at the level of mRNA structures, mRNA stability, miRNA binding sites, and the modulation of translation rate [@pgen.1003527-Sauna1]--[@pgen.1003527-Tuller3]. Choice of synonymous codons might affect all of these levels of gene regulation. It should be noted that these various hypotheses are not mutually exclusive and may be intertwined. mRNA structures - as well as their avoidance, especially near the start of ORFs - may be involved in translation initiation/elongation, modulation of mRNA half-life, and accessibility of the mRNA to proteins and miRNAs [@pgen.1003527-Gu1], [@pgen.1003527-Gu2], [@pgen.1003527-Zur1]--[@pgen.1003527-Katz1]. Indeed, signatures of selection have been associated both with mRNA accessibility and mRNA structures and overall folding energy [@pgen.1003527-Stoletzki2], [@pgen.1003527-Gu2], [@pgen.1003527-Katz1], [@pgen.1003527-Park1]. Our initial analysis found no enrichment of conserved unpreferred codons, a first-pass marker of the action of the strong constraint described in this paper, in either structured or unstructured mRNA as determined by ds/ssRNA sequencing [@pgen.1003527-Li1] (not shown). This analysis, however, is at best preliminary and a strong possibility remains that the function underlying the strong constraint at synonymous sites is related to mRNA structure. miRNAs also have a host of different functional effects in different species and different genes within a species but are well known in their role of mRNA degradation [@pgen.1003527-Bartel1], [@pgen.1003527-Kusenda1]. The dynamics of translation not only affect the overall rate at which proteins are created, but also affect how these proteins fold and even the mRNA half-life [@pgen.1003527-Sauna1]--[@pgen.1003527-Zhang1], [@pgen.1003527-Zhang2]--[@pgen.1003527-Deana2]. The possibility that strong selection acts at the level of modulating translation rate through the presence of slow/fast sites is interesting as the translation speed of a codon is not necessarily related to codon optimality and tight control has been inferred at the beginning and end of ORFs in some species [@pgen.1003527-Novoa1], [@pgen.1003527-Tuller1]--[@pgen.1003527-Pechmann1], [@pgen.1003527-Qian1], [@pgen.1003527-Stadler1]. Given the pattern of the strong constraint across the different codons both optimal and non-optimal, the strong selective force may be due to the abundance of wobble vs. Watson-Crick tRNAs available for that codon. Ascertaining the functional mechanism underlying the observed strong constraint acting on synonymous sites could reveal deep insights into the regulation of gene expression.

Regardless of the specific functional mechanism underlying the strong constraint, experimental evidence from a wide range of species substantiates an important functional role for synonymous sites. Directed mutagenesis studies targeting synonymous sites as well as studies of natural polymorphism have found consequential changes in protein levels and functionality due to natural synonymous variation and induced mutations [@pgen.1003527-DeanaMassaferno1]--[@pgen.1003527-Qian1], [@pgen.1003527-Andr1]--[@pgen.1003527-Agashe1]. In an experiment done on the Alcohol dehydrogenase (Adh) gene in *D. melanogaster*, changing 10 wild-type preferred Leucine alleles to unpreferred alleles in the 5′ region of the gene lowers the enzymatic activity of collected Adh by 25% [@pgen.1003527-Carlini1]. The authors proposed that disruption of the sites\' translational efficiency and accuracy caused the drop in activity, but also noted that the functional effect was far larger than expected given the assumption of only weak selection on synonymous sites [@pgen.1003527-Carlini1]. 'Humanized' versions of protein coding sequences, with codons replaced with synonymous, putatively optimal codons in humans, show much greater protein expression and function when transfected into mammalian cells than the originals or synthetic versions using a non-mammalian species\' set of optimal codons [@pgen.1003527-Andr1]--[@pgen.1003527-Nagata1]. Human gene *Multidrug Resistance* 1 (*MDR*1) contributes to the drug resistance of cancer cells [@pgen.1003527-KimchiSarfaty1]. Both naturally occurring alleles as well as induced novel mutations at synonymous sites in *MDR*1 affect the resulting protein\'s conformation, altering its substrate specificity in human cell lines [@pgen.1003527-KimchiSarfaty1]. In the *E. coli* gene *ompA*, exchanging eight frequently-used codons for synonymous infrequently-used codons near the gene start results in a 3-fold reduction in mRNA levels and a 10-fold reduction in synthesis of protein OmpA [@pgen.1003527-Deana2]. Meanwhile exchanging codons with low-abundance tRNAs to synonymous codons with high-abundance tRNAs in *E. coli* gene *suf*I - or increasing the abundance of those tRNAs - results in misfolding of the protein *in vitro* and *in vivo* [@pgen.1003527-Zhang2].

What about the presence of strong constraint in the synonymous sites of other species? In addition to the above functional assays, there are reported to be a significant fraction of synonymous sites under an unknown intensity of constraint in many species [@pgen.1003527-Yang2], [@pgen.1003527-Chamary1], [@pgen.1003527-Ery1]--[@pgen.1003527-Pollard1], [@pgen.1003527-Zhou1], [@pgen.1003527-Stoletzki2], [@pgen.1003527-Waldman1]--[@pgen.1003527-Vishnoi1] and there is evidence for strong selection in humans [@pgen.1003527-Keightley2]. For example, when compared to "neutral" controls, there is a reduction in polymorphism density and/or a lower rate of divergence at synonymous sites for many tetrapods including chicken, hominids, murids, and mammals in general [@pgen.1003527-Yang2], [@pgen.1003527-Chamary1], [@pgen.1003527-Ery1]--[@pgen.1003527-Pollard1], [@pgen.1003527-Waldman1]. Further, some of these species have undetectable or weak levels of codon bias, presumably commensurate with their small effective population sizes and thus the weakness of selection in favor of optimal codons [@pgen.1003527-Knstner1], [@pgen.1003527-dosReis1]. Using a similar model to the one described in this paper, Keightley and Halligan (2011) found evidence to support that weak selection alone is unable to explain the pattern of diversity at 4D synonymous sites in humans [@pgen.1003527-Keightley2]. While that study lacked the sample depth of polymorphism to be able to gauge the intensity of the strong selection, they estimated that 11% of 4D sites are evolving under a strong selection regime of \|*4N~e~s*\|\>40 [@pgen.1003527-Keightley2]. Our results from Drosophila with a deeper population sample lend credence to the hypothesis that, in humans too, a force of strong constraint is responsible for the lack of polymorphism at 4D sites rather than a mutational force or other confounding factors. For many species, there has been no conclusion that the constraint on their respective synonymous sites is strong, but many of the signals are consistent with what we find in Drosophila with the fraction of sites under constraint, the amount of missing polymorphism, and the lack of relationship to codon bias. Thus with genome-wide, deep population SNP data becoming available for many of these other species, we may well find strong selection on synonymous sites to be ubiquitous.

As synonymous sites have often been used as the neutral reference in tests for purifying and adaptive selection, many estimates of the fraction of sites under constraint in other classes, such as non-synonymous sites, UTRs, and many others, are likely to be conservative. This result from population genetics supports findings that synonymous sites may harbor many, important causal variants and that studies ignoring the potential contribution of synonymous mutations may be likewise unnecessarily conservative [@pgen.1003527-Sauna1]. Turnover at these strongly constrained synonymous sites could also represent a significant source of interspecies functional divergence and adaptation. The potential of synonymous sites to be sources of adaptation and genetic disease merits further investigation. Although the functionality underlying this strong constraint remains unknown, recent studies have uncovered a myriad of different types of functional information encoded into the CDS of genes beyond the protein recipe, including controls for translational efficiency and accuracy, splicing enhancers, micro-RNA binding, nucleosome positioning, and more. With the discovery of a significant fraction of sites under strong constraint in Drosophila, two things become clear: the role of synonymous sites in the biology of genomes is far greater than the neutral, "silent" part they were once assumed to play; and we still have much to learn about the functionality encoded in genes.

Materials and Methods {#s4}
=====================

Data {#s4a}
----

The SNP data set from DGRP (<http://dgrp.gnets.ncsu.edu/data/>) consists of 168 inbred lines from a population of North Carolina *D. melanogaster* [@pgen.1003527-Mackay1]. The SNPs were annotated as synonymous, non-synonymous, and intronic using Flybase release 5.33 (<ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/dmel_r5.33_FB2011_01/>) [@pgen.1003527-McQuilton1]. If a position was found in multiple gene annotations, only those sites where the SNP was synonymous in all sites was called synonymous. Short intron sites are defined as those sites falling in introns of less than length 86 bp, 16 bp away from the intron start and 6 bp away from the intron end in order to eliminate any functional sequences at the edges of the introns [@pgen.1003527-Haddrill2]. Eliminating 16 bp from each side did not change SNP density (not shown). Any remaining purifying selection, especially strong purifying selection, in short introns makes our results more conservative. Four-fold (4D) sites are the collection of 3rd codon positions for the following amino acids: Proline, Alanine, Threonine, Glycine, and Valine.

All sites were resampled to a depth of 130 strains. All sites with sequence information for fewer than 130 strains were excluded. For SNPs at sites with more than 130 strains or which contained heterozygous lines at that position, a 130 allele subset was chosen randomly. If the SNP was no longer polymorphic after this random resampling, that position was moved into the non-polymorphic site class. We also removed any position with more than 2 alleles present.

We restricted our analysis to genes with 1--1 orthologs across the 12 Drosophila species tree [@pgen.1003527-Clark1] and where the longest transcript annotation had remained intact in release 5.33 - even if it is no longer the longest transcript in release 5.33. We used the remaining 5,709 coding sequences aligned with PRANK from Markova-Raina and Petrov (2011) [@pgen.1003527-Lytynoja1], [@pgen.1003527-MarkovaRaina1].

SFS: Maximum likelihood and simulation {#s4b}
--------------------------------------

To determine the distribution of selective effects on a group of sites based on the shape and the amplitude of the SFS, we assume a two-state framework where sites are either monomorphic in the wild-type state or polymorphic with a neutral or deleterious mutation at some observed frequency in the population. Using short introns as a neutral reference, our model aims to capture the fraction of synonymous sites falling into three broad selection categories -- those with neutral, weakly deleterious, or strongly deleterious mutations -- and estimate the effective selection coefficients acting on those mutations.

Strong constraint can be difficult to capture as strong selection has a greater effect on the amplitude of the SFS, the total number of observed mutations, than on its shape, the frequency distribution of observed mutations. Using a similar expansion to the standard SFS to Keightly and Eyre-Walker (2007) [@pgen.1003527-Keightley1], we add the zero-frequency class, the fraction of monomorphic sites, to the SFS. The SNP density provides the additional information necessary to infer the action of strong constraint.

Equal to *4N~e~μ*, *θ* is mutation rate scaled by the effective population size and determines the neutral SNP density. The short intron SFS, used as neutral reference, anchors our estimate of *θ* which in turn allows us to estimate the amount of missing synonymous polymorphism in each selection category, *c*. As purifying selection increases, the overall density of observed polymorphism is reduced in the fraction of 4D sites in that selection class and the expected distribution of mutation is further skewed towards rare frequencies in the population. Each category has a single selection parameter, *γ~c~*, a point estimate of the effective strength of selection, *4N~e~s*, operating on the 4D sites in that class. For those 4D sites in the neutral category, *γ~c~* = 0. For those in the weakly deleterious category, 0\<\|*γ~c~*\|\<5. For those in the strongly deleterious category, \|*γ~c~*\|\>5 or 100 -- the choice of boundary did not affect results.

For our sample of *n* chromosomes from the population, assuming mutation-selection balance, we have the following analytical prediction for the SFS, *g(x)* -- the expected fraction of 4D sites with SNPs at frequency *x* in the sample [@pgen.1003527-Wright1]: *g(x,c)* is the contribution of each selection category to the overall SFS. *L* is the total number of 4D sites while *f~c~* is the fraction of 4D sites in each selection category *c*. *g(0)* are the zero-frequency class, monomorphic, sites and are what gives the SFS "amplitude" information -- the density, rather than just the shape, of the spectrum. While *m* is the total number observed SNPs in the sample.

The theoretical SFS for intronic sites is the same as above, only all sites are assumed to be neutral. However, any real SFS does not reflect the true frequency distribution of the SNPs in the population, but rather a binomial sampling of those SNPs and frequencies. The above is thus an approximation, as the probability of a site with a SNP at a given frequency in the sample from the population is not quite the same as the probability of a site with a SNP at a given frequency in the population as a whole. However, it is much more computational efficient for both speed and memory to use the approximation.

With this theoretical prediction of the distribution of sites over each frequency class in both the neutral reference (short intron SFS) and test set of sites (4D SFS), we can use maximum-likelihood to fit the parameters of our model to real data sets. Our model has 5 free parameters: *θ*, (*γ~weak~*, *γ~strong~*), and (*f~neutral~*, *f~weak~*, *f~strong~*) where *f~neutral~* = 1-*f~weak~* -*f~strong~*. The total likelihood, *λ*, of the model\'s fit to the data, *D*, is equal to product of the fit the short intron and 4D sites spectra: *λ~4D~* and *λ~SI~* are the likelihood of the observed SFS given the expected SFS as determined by the free parameters and [equations (1)](#pgen.1003527.e001){ref-type="disp-formula"}--[(4)](#pgen.1003527.e004){ref-type="disp-formula"}. These likelihoods are the multinomial probability of observing a certain number of sites, *k*, with SNPs in frequency class *x* in the sample given theoretical expectations. Taking short intron sites as an example (same for both):

[Equation (6)](#pgen.1003527.e006){ref-type="disp-formula"} is thus the probability that the folded theoretical SFS, *g(x)*, matches the empirical folded SFS, *k~x~*. We folded the spectrum to avoid any problems with inferring the ancestral state.

We then maximized the parameters *θ*, (*f~neutral~* ~,~ *f~weak~* ~,~ *f~strong~*), and (*γ~weak~*, *γ~strong~*) in Matlab using fminsearch, an implementation of the Nelder-Mead simplex method [@pgen.1003527-Nelder1], on the negative log-likelihood of *λ~full~*. The observed spectra were obtained from the bootstrapped 4D and short intron pairs. Where simulations were needed in this study, theoretical spectra were calculated using the above [equations (1)](#pgen.1003527.e001){ref-type="disp-formula"}--[(4)](#pgen.1003527.e004){ref-type="disp-formula"} and then the parameters were re-estimated by the outlined maximum-likelihood procedure on those theoretical spectra acting in place of the empirical data.

### Frequency-dependent correction of SFS {#s4b1}

We also employed a frequency-correction developed in Eyre-Walker et al (2006) [@pgen.1003527-EyreWalker2] to control for demography or any weak and linked selection affecting both the short introns and 4D sites and to also correct for the approximation to the true SFS mentioned above. This allows the short intron SFS to not only act as neutral reference for the amplitude of the 4D SFS, but also its shape. With the correction, each frequency class now has a modifier, *α~x~*, which adjusts the probability of seeing a site with a SNP at frequency of *x* in the sample. As the α\'s are shared between the short intron and 4D SFS, they control for confounding factors affecting both spectra. This frequency-correction modifies [equations (5)](#pgen.1003527.e005){ref-type="disp-formula"} and [(6)](#pgen.1003527.e006){ref-type="disp-formula"} like so:

While this correction is robust for many confounding factors [@pgen.1003527-EyreWalker2], it adds a free parameter for every frequency-class except the first one. The parameter for the zero-frequency class, *α~0~*, is set to 1 to anchor the maximum-likelihood estimation of the *α*\'s. With 65 frequency classes, this adds 64 free parameters to the basic model of 5 free parameters.

Phylogenetic tree and conservation {#s4c}
----------------------------------

We used the determined 15 species Insect tree topology from the UCSC genome browser (<http://hgdownload.cse.ucsc.edu/goldenPath/dm3/phastCons15way/>) and paired it down to the 12 Drosophila species [@pgen.1003527-Meyer1]. We then input that tree topology into PhyML v3.0 (<http://www.atgc-montpellier.fr/phyml>) [@pgen.1003527-Guindon1] and allowed it to re-estimate the branch lengths on all 4D sites in conserved amino acids using the HKY85 model [@pgen.1003527-Hasegawa1] without a discrete gamma model and without invariant sites. The nucleotide frequencies and transition-transversion rate ratio were inferred by maximum-likelihood. The resulting tree can be found in [Text S4](#pgen.1003527.s010){ref-type="supplementary-material"}.

GERPcol from GERP++ (<http://mendel.stanford.edu/SidowLab/downloads/gerp/>) [@pgen.1003527-Davydov1] was run on the collection of all 4D sites from all 12 Drosophila species excluding *D. melanogaster* and *D. willistoni*, estimating the Rscore (tree length - inferred \# of substitutions) for each site independently. We input into GERP the tree and transition-transversion ratio from the PhyML results. As these two programs use different parameterizations of the transition-transversion ratio, we translated one to the other (see [Text S4](#pgen.1003527.s010){ref-type="supplementary-material"}).

GO category enrichment {#s4d}
----------------------

Our signal from polymorphism does not afford us a precise measurement of constraint on the 4D sites of a single gene (not enough information). Therefore, we use a surrogate to infer the amount of strong constraint at the 4D sites of individual genes. Looking only at sites without SNPs, we use the percentage of 4D sites in conserved amino acids that are unpreferred and themselves conserved from *D. sechellia to D. grimshawi* (i.e. in the 0-substitution class) as our measure of how extensive the strong constraint has been on the 4D sites of the gene in question. As unpreferred 4D sites in the 0-substitution class have the highest fraction of sites under strong constraint (53%), the reasoning is that the more such sites exist in a gene, the more likely there has been extensive constraint acting on all 4D sites. Since not all genes have enough conserved amino acids to allow a reasonable calculation of the above surrogate, we used only those genes where at least 20% of the four-fold amino acids were conserved along the tree, leaving 4,877 genes in the analysis. We ranked genes by this surrogate and took the top 812 genes (∼ top sixth of genes). We then used the functional annotation clustering tool from DAVID 6.7 (<http://david.abcc.ncifcrf.gov/home.jsp>) set on high stringency to look for enrichment of GO category terms in this gene set [@pgen.1003527-DaWeiHuang1], [@pgen.1003527-Sherman1].

Supporting Information {#s5}
======================

###### 

Genes enriched for high constraint. Table of the top 812 genes enriched for high constraint at 4D sites.

(DOC)

###### 

Click here for additional data file.

###### 

Spatial distribution of strong constraint within coding sequences. 4D sites were binned by their distance to the translation start site in the longest transcript for each gene. Each bin represents 5% of transcript length to control for different transcript lengths. 10 bootstraps to determine the fraction of sites under constraint were done within each bin. Error bars represent the s.e. of the estimates.

(TIF)

###### 

Click here for additional data file.

###### 

Strong constraint versus gene expression across development. Genes are grouped and analyzed as in [Figure 5](#pgen-1003527-g005){ref-type="fig"}. Here, the [Figure 5](#pgen-1003527-g005){ref-type="fig"} "high expression level" gene set has been halved, creating a "very high expression level" and "high expression level" group, each containing one-sixth of all genes. Error bars represent the s.e. of the estimates.

(TIF)

###### 

Click here for additional data file.

###### 

Conservation versus constraint at 4D sites in conserved amino acids. The proportion of constrained 4D sites in each substitution class using fast-evolving 4D sites as the "neutral" reference and the relationship of those results to the proportion of constrained 4D sites in each substitution class using short introns as the reference.

(DOC)

###### 

Click here for additional data file.

###### 

Estimated proportion of slow-evolving 4D sites and *4N~e~s* for each selection class. Maximum likelihood results using fast-evolving 4D sites as the "neutral" reference.

(DOC)

###### 

Click here for additional data file.

###### 

Gene ontology clusters. Table of the full information for the top 13 GO clusters as reported by DAVID 6.7 from the 812 genes most enriched for strong constraint at 4D sites [@pgen.1003527-DaWeiHuang1], [@pgen.1003527-Sherman1].

(DOC)

###### 

Click here for additional data file.

###### 

Demographic correction of SFS. Maximum likelihood results when correcting for demography and other non-mutation-selection balance forces in the SFS.

(DOC)

###### 

Click here for additional data file.

###### 

Mutation versus strong constraint. Discusses extra controls for distinguishing the strong constraint from possible confounding mutational effects: *S2.A -- Tri-nucleotide bootstrap results, S2.B -- Power to detect low mutation versus strong purifying selection on 4D sites, S2.C -- Slow- versus fast-evolving 4D site bootstrap results*.

(DOC)

###### 

Click here for additional data file.

###### 

Weak selection on bulk nucleosomes. Evidence suggests a selective force operating in regions bound by bulk nucleosomes, but that the force appears to be different from the strong purifying selection inferred in the main result of this paper.

(DOC)

###### 

Click here for additional data file.

###### 

Phylogenetic tree and parameters of 4D sites. The 12 Drosophila species tree and nucleotide substitution parameters inferred on 4D synonymous sites.

(DOC)

###### 

Click here for additional data file.
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